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Abstract. The atmospheric concentrations of gaseous am-
monia have been measured during two ﬁeld campaigns in the
winter and in the summer of 2007 at Beijing (China). These
measurements were carried out by means of diffusion annu-
lar denuders coated with phosphorous acid. The results were
discussed from the standpoint of temporal and diurnal vari-
ations and meteorological effects. The daily average NH3
concentrations were in the range of 0.20–44.38µg/m3 and
showed regular temporal variations with higher concentra-
tions during summer and with lower during winter. The tem-
poral trends seemed to be largely affected by air temperature
because of agricultural sources. No diurnal variability was
observed for gaseous NH3 levels in both winter and sum-
mer seasons. The highest ammonia value of 105.67µg/m3
was measured in the early morning during the summer pe-
riod when stable atmospheric conditions occurred. The di-
urnal winter and summer trends of ammonia showed a weak
dependence on the air temperature and they were affected
nearlybywinddirectionsuggestingregionalandlocalsource
inﬂuences. Ammonia was also correlated with the atmo-
spheric mixing in the boundary layer, and, with NOx, CO
and PM2.5 air concentrations supporting the hypothesis that
the trafﬁc may be also an important source of ammonia in
Beijing.
1 Introduction
Gaseous ammonia (NH3) is the third most abundant nitrogen
containing compound and is the primary alkaline trace gas in
the atmosphere. The importance of ammonia in urban areas
is related to its role as a precursor for secondary aerosols
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(Erisman and Schaap, 2004). It neutralizes atmospheric
acids such as nitric acid (HNO3), hydrochloric acid (HCl)
and sulphuric acid (H2SO4), formed by oxidation of nitro-
gen oxides (NOx) and sulphur dioxide (SO2), respectively
(Krupa, 2003), thereby affecting the acidity of cloud water
and aerosols (Heeb et al., 2006; Roelle and Aneja, 2002).
The reaction rates for NH3 depend on the acid concentra-
tion, humidity and temperature. The main chemical sink
for ammonia in the atmosphere is the reaction with H2SO4,
yielding ammonium sulphate [(NH4)2SO4] and ammonium
bisulphate [NH4HSO4] salts. Reactions with HNO3 and HCl
yield ammonium nitrate (NH4NO3) and ammonium chloride
(NH4Cl) salts in particulate phase. These NH+
4 aerosols con-
tribute signiﬁcantly to ﬁne particle mass (size <2.5µm) and
haveimplicationsforhumanhealth(BrunekreefandHolgate,
2002). They limit atmospheric visibility and alter global ra-
diation budgets (Horvat, 1992; Sutton et al., 1994).
The most recent consideration for NH3 emissions on the
global scale is linked to climate change based on its abil-
ity to form PM2.5, speciﬁcally ammonium sulphates. These
aerosols can possibly increase the earth’s albedo. Particles
can either backscatter UV and visible radiation directly, re-
ducing the amount that reaches the earth’s surface, or indi-
rectly by increasing cloud cover due to increased numbers
of cloud condensation nuclei, particles that give rise to cloud
formation (Sutton et al., 2004). NH3 has a relatively short
residence time of about 1 to 5d. When airborne, it is ei-
therreadilyconvertedtoammoniumaerosols, duetotheirex-
tended lifetime (about 1–15d), these particles may be trans-
ported far from the pollutant sources (Aneja et al., 2001;
Krupa, 2003) causing effects to sensitive ecosystems with
consequent changes in soil, plant and animal communities
(Sutton et al., 1993; Fangmeier et al., 1994). In fact, after
deposition, NH+
4 aerosols can contribute to acidiﬁcation and
eutrophication of these habitats. Thus, since NH3 is either
readilyconvertedtoNH+
4 orsubjectedtodrydeposition, high
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concentrationsareexpectedonlyclosetothesurfaceandnear
to emission sources (Ferm, 1998). Although the main source
of atmospheric ammonia is agriculture, other sources include
industries, landﬁlls, household products, biomass burning,
motor vehicles, and wild animals.
Only few studies on ammonia emissions in China are
available. The total NH3 emission from China are estimated
to be about two to three times higher than European and US
emissions over the period of 1990 to 2005 (Klimont, 2001;
Zhao and Wang, 1994; EMEP, 2009; USEPA, 2009; Reis et
al., 2009). About 80% of NH3 emission in China is from
agriculture. In China, the biggest contributors are livestock
(which contributes about 30%–60%) and the application of
nitrogenous fertilizer (which contributes about 17%–47%),
followed by 20% for energy, 1% for poultry and 2.5% for
human beings (Zhao and Wang, 1994; Oliver et al., 1998;
Streets et al., 2003; He et al., 2007). However, estimations of
NH3 emissions have only been started relatively recently and
still contain many uncertainties (Bouwman et al., 1997; Bat-
tye et al., 2003; Goebes et al., 2003). The characteristics of
agricultural sources determine the temporal and spatial NH3
distribution in many locations. The ammonia concentration
in northern cities of China is relatively high during the spring
and summer period due to farming, while in southern cities
no obvious seasonal variation occurs because farmland is ex-
tended during all four seasons.
In addition to NH3 emissions, the relative humidity, the
temperature, and the insulation are also important factors in-
ﬂuencing the formation, temporal and spatial distribution of
secondary particles. According to studies of the ammonia
level in China, in Beijing, some research has shown that the
concentration of secondary particles are higher in the win-
ter probably due to the high SO2 emissions and low wind
speed, which aid the formation of SO2−
4 . Another study has
shown that summer has the highest secondary particle con-
centration, because of the large NH3 emissions and sufﬁcient
temperature and humidity to ensure the oxidation of SO2 to
SO2−
4 (He et al., 2001, 2002).
Thecontributionofvehiclestonon-agriculturalNH3 emis-
sions has been considered to be negligible up to 1995 (Sut-
ton et al., 1995). Recent studies, however, show that ammo-
nia concentration in urban environments has also increased
due to over-reduction of nitrogen oxide compounds in cat-
alytic converters in automobiles exhaust and industrial and
power station emission abatement technology (Sutton et al.,
2000). From measurements in a roadway tunnel, Fraser and
Cass (1998) concluded that the contribution of motor vehicle
emissions had risen from 2% to 15% of the total ammonia
emission in the Los Angeles area since the introduction of
catalysts. Road side measurements in the UK, in the USA
and Europe have shown strong links between ammonia emis-
sions and trafﬁc (Kean et al., 2000; Kirchner et al., 2002;
Perrino et al., 2002; Cape et al., 2004). Perrino et al. (2002)
found a close link between ammonia and CO emissions in a
series of experiments conducted in Rome. These results in-
dicated that petrol-engine vehicles constitute a major source
of urban ammonia.
There have been a number of studies of urban ammo-
nia concentrations in recent years. Long-term measurements
have shown strong daily and seasonal variations in ammonia
concentrations which depend mainly on temperature, rela-
tive humidity (RH), rainfall, and wind speed (Yamamoto et
al., 1988, 1995; D. S. Lee et al., 1999; Bari et al., 2003; Vogt
et al., 2005). Bimodal diurnal variations in NH3 concentra-
tions with peaks occurring during periods of peak trafﬁc have
been observed in some studies (Kirchner et al., 2002; Perrino
et al., 2002; Li et al., 2006), conﬁrming vehicles as a signif-
icant source of NH3. Data about ammonia concentrations in
the urban areas of China, especially of Beijing, are very rare.
Median ammonia concentrations ranged from 20 to 1ppb on
a monthly basis according to measurements carried out in
Asia (Carmichael et al., 2003). Yao et al. (2003) measured
NH3 concentrations in Beijing in summer 2001 and spring
2002. The concentrations were found from 4.6 to 42.4µg/m3
with the highest concentration detected in July. Recent real-
time measurements of ammonia were conducted in the Pearl
River Delta, China, from 4 October to 4 November 2004 (Hu
et al., 2008). During this study the average concentration of
NH3 was 7.3µg/m3.
With increasing concern over the potential environmental
damage caused by atmospheric transport and subsequent de-
position of NH3, it is very important to have reliable methods
to accurately monitor its pollution level and emission pattern.
Suchinformationmay thenbeusedeffectively todeveloppo-
tential abatement strategies for NH3.
Sampling of NH3 is difﬁcult because it is easily adsorbed
on surfaces and is difﬁcult to separate and discriminate from
volatile ammonium salts. Annular denuder techniques are
considered to be able to overcome these critical sources of
error. In general, such systems are designed with a verti-
cally positioned denuder tube to eliminate the sedimentation
of particles (Possanzini et al., 1983; Allegrini et al., 1987,
1999; Febo et al., 1989; Perrino et al., 1990). This sampling
technique is able to accurately determine gaseous ammonia
and particulate ammonium without disturbing the partition
existing in the atmosphere at the time of the sampling and
without mutual interferent (Perrino et al., 1999, 2002).
We report in this paper the results of some measurements
of ammonia concentrations carried out during 2007 in Bei-
jing, China, by using annular denuder based methods. The
data are analyzed and presented here to investigate the daily
and seasonal variations in ammonia concentrations and also
to examine the contribution of trafﬁc to ammonia levels in
Beijing. The study is a part of a Sino-Italian collaboration
project (Blue Sky of Beijing: Research on Regional Air Pol-
lution Project) and also part of the international collabora-
tive research CAREBEIJING (Campaigns of Air Quality Re-
search in Beijing and Surrounding Region).
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2 Experimental
Measurements were carried out in the campus of Peking Uni-
versity (PKU), located at North of Beijing (39◦5902300 N,
116◦1801900 E), not very far from Olympic sites in winter,
from 23 January to 14 February 2007, and in summer, from
2 to 31 August 2007. The atmospheric ammonia concentra-
tions were determined by means annular diffusion denuders
coated with a solution of 1% phosphorous acid in 1:9 wa-
ter and ethanol (Perrino and Gherardi, 1999) on a 24-h basis
starting at midnight. The air samples on a 2-h basis (inten-
sive measurements) were also carried out on 9–10 February
during the winter period and on 13–15 and 17–21 August
during the summer period. Problems occurred on 9 Febru-
ary between 10:00 and 12:00 in the morning and on 19 Au-
gust between 22:00 and 00:00, thus data from these events
were not considered. The annular denuder sampling method
and the analytical procedures were described in several past
works (Possanzini et al., 1983; Allegrini et al., 1987, 1999;
Febo et al., 1989; Perrino et al., 1990, 2001a; Beine et al.,
2001; Ianniello et al., 2002).
After collection, the denuders and ﬁlters were extracted
and samples were analyzed within 24-h by using Ion Chro-
matography (IC) (Dionex DX 120 connected with autosam-
pler DX AS50 for anions and DX ICS90 connected with au-
tosampler DX AS40 for cations).
The individual annular denuders placed at PKU site are
made of Pyrex glass, 21cm in length, 3.0 and 3.3cm in an-
nulus diameter. The sampling ﬂow rate was 15l/min. The
sampling volume was about 23.10m3 for a 24-h sampling
period. In these operative conditions the collection efﬁciency
for ammonia was higher than 99% and the detection limit,
based on three times the standard deviations of ﬁeld blanks,
was 0.06µg/m3 for a sampling time of 24h. Precision of
these measurements was 1.22%.
Although the focus of this paper is on atmospheric ammo-
nia, the denuder system also sampled other gaseous as well
as particulate species. In fact, the denuder line consisted of
two sodium ﬂuoride coated denuders for the simultaneous
collection of HCl and HNO3, followed by two sodium car-
bonate coated denuders for the collection of HONO and SO2.
A ﬁfth denuder in the line is coated with phosphorous acid
for the collection of NH3. Downstream of the denuder train a
cyclone collects coarse particles (>2.5µm of cut size at ﬂow
rate of 15l/min), while ﬁne particles (<2.5µm at ﬂow rate of
15l/min) are collected on a ﬁlter pack set in series. The ﬁlter
pack consisted of one Teﬂon ﬁlter, one Nylon ﬁlter, and one
paper ﬁlter impregnated with phosphorous acid. The last two
back-up ﬁlters were used to measure the volatile ammonium
salts indicated with term of evolved salts. The particulate
chloride, nitrate, sulphate, sodium, ammonium, potassium,
magnesium and calcium coarse and ﬁne fractions were mea-
sured and analyzed.
Information about the mixing properties of the lower
boundary layer was obtained by means of a Stability Monitor
(OPSIS SM200) during the summer period. This instrument
collects atmospheric particles and determines their short life
radioactivity due to Radon decay products, providing 1-h in-
terval radioactivity data. From the study of the temporal
trend of natural radioactivity and of its time derivative one
can gather important information about the mixing proper-
ties of the lower atmosphere and about its ability to dilute
atmospheric pollutants (Perrino et al., 2001b).
3 Results and discussion
3.1 Temporal variation
The temporal patterns of gaseous ammonia determined by
meansofthediffusionlinesinthewinterandsummerperiods
are reported in Fig. 1. Table 1 shows summary statistics for
NH3 concentrations (µg/m3) and air temperature (T) values
(◦C) measured during the two sampling periods in Beijing.
The temporal variations are evaluated applying the paired
t-test to determine the signiﬁcance at the 0.05 level (p ≤
0.05) of differences among the mean of components by ex-
amining the amount of variation between the samples. NH3
exhibitedadistinctandsigniﬁcant(p<0.001)temporalvari-
ation with higher concentrations in summer than in winter
(Fig. 1). This difference in NH3 concentrations has also been
observed by other papers and is in agreement with the tem-
perature dependence of NH3 emissions from animal waste,
natural and fertilized soils, and vegetations (Langford and
Fehsenfeld, 1992; Langford et al., 1992; Yamamoto et al.,
1995; Asman et al., 1998; Lefer et al., 1999; Aneja et al.,
2000; Robarge et al., 2002; Pryor et al., 2001), which are at
lowvaluesduringwinter. Thecharacteristicsofthesesources
determine the temporal and spatial NH3 distribution. Source
strengthandremovalefﬁciencycanexplaintheseasonalvari-
ations of NH3 concentrations. In summer, high temperatures
will favor ammonia volatilization from urea and/or ammo-
nium bicarbonate applied to crops. High temperatures in
summer will also favour NH3 emission from other sources,
such as animal housing, landﬁll, laystalls and farmers’ toi-
lets, animal manure, natural and fertilized soils, and vegeta-
tion. Therefore, atmospheric ammonia concentrations were
highest in summer at Beijing site. Thus, in agreement with
past studies, higher ammonia emissions occurred when air
temperature increased, suggesting intense local sources for
NH3 during the summer season at Beijing.
3.2 Diurnal variation
3.2.1 Winter
During the intensive measurements at PKU in Beijing, the
wind speed reached a maximum value of 8.8m/s on 9 Febru-
ary at 14:00 and the wind blew mainly from northwest,
southwest and southeast (Fig. 2). The air temperature in-
creased at 08:00 reaching maxima values between 12:00 and
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Fig. 1. Temporal trend of ammonia during the winter and summer
campaigns at Beijing.
14:00 of about 13.98 ◦C. In addition, the solar radiation also
reached higher values of about 13W/m2 on 9–10 February at
13:00 while the relative humidity decreased during all the in-
tensive measurements starting on 9 February at 06:00 in the
morning.
The mean level of ammonia within ± one standard devia-
tion for the entire data (N =23) was 5.22±3.75µg/m3. Am-
monia hardly showed any diurnal variation in winter period
(Fig. 3), in agreement with past studies (Lefer et al., 1999;
Danalatos and Glavas, 1999; Walker et al., 2004). Data were
grouped into sunrise (between 06:00 and 18:00) and sunset
(between 18:00 and 06:00) times. On applying t test to day
and night samples, diurnal variation was not found to be sta-
tistically signiﬁcant (p=0.18). Having a short lifetime of
about one day, ammonia would be expected to peak in the
middle of the day as higher emissions are expected in that
part of the day. This occurred on 9 and 10 February between
08:00and 10:00but higherammoniaemissions occurredalso
in other periods of the day, as measured after sunset and
night, during the intensive measurements. Night time high
ammonia levels can be attributed to stable atmosphere during
the night time (Cadle et al., 1982; Perrino et al., 2002) while
the higher mixing height in the middle of the day balanced
the higher ammonia emissions resulting in little diurnal vari-
ation (Singh et al., 2001).
Since NH3 is either readily converted to NH+
4 or subjected
to dry deposition, high concentrations are found only close
to the surface and near to emission sources (Ferm, 1998;
Krupa, 2003). Thus, NH3 concentrations might be gener-
ally lower at higher wind speeds because of turbulent diffu-
sion. Previous studies have reported an inverse relationship
between ground-level concentrations of trace gases, such as
ammonia, and wind speed (Katsoulis, 1996; D. S. Lee et al.,
1999; Robarge et al., 2002). This inverse relationship be-
tween natural-log transformed NH3 concentrations and wind
speeds(Robargeetal., 2002)didnotoccuratsigniﬁcantlevel
(R2 =0.18, p <0.001) considering concentrations measured
Table 1. Statistics for NH3 and T during the winter and summer
campaigns at PKU site.
Winter Summer
NH3 (µg/m3) T (◦C) NH3 (µg/m3) T (◦C)
N of cases 23 23 30 30
Minimum 0.20 −0.71 14.87 22.19
Maximum 14.08 8.06 44.38 32.37
Median 5.12 3.05 24.33 28.80
Mean 5.47 3.51 25.39 28.27
Standard Dev 3.75 2.88 6.91 2.46
only on 9 February 2007. In addition, highest NH3 concen-
trations were also associated with low wind speeds during
this day.
Besides, the diurnal pattern of ammonia did not show
a clear and well-deﬁned temperature and humidity depen-
dence during the winter ﬁeld campaign, as observed else-
where (Langford and Fehsenfeld, 1992; Yamamoto et al.,
1995; Burkhardt et al., 1998; Horvath and Sutton, 1998;
Pryor et al., 2001; Olszyna et al., 2005; Vogt et al., 2005).
This may reﬂect the inﬂuence of other factors, such as local
sources and wind direction, in determining ambient concen-
trations of NH3 (Burkhardt et al., 1998; Huber and Kreutzer,
2002; Vogt et al., 2005). However, a weak but signiﬁcant
linear correlation (R2 =0.32, p=0.01) can be obtained be-
tween NH3 and air temperature considering ammonia con-
centrations measured from 12:00 on 9 February, when the
air temperature reached maxima values (12:00–16:00 on two
days), to the end of intensive measurements on 10 February.
This weak temperature dependence of NH3 reﬂects the small
inﬂuence of the emission sources from agricultural activity
which increase as the temperature rises. Ammonia emis-
sions from animal manure, natural and fertilized soils, and
vegetation will increase with temperature owing to the tem-
perature dependency of aqueous-phase partitioning between
NH3 and NH+
4 in these systems, as well as the atmospheric
equilibrium between NH3 with volatile ammonium nitrate.
In fact, during this period the winds came principally from
northwest direction (73%) (Fig. 2b) coinciding with the di-
rection of agricultural areas such as Xibeiwang and Chang-
ping District which are located at the northwest suburb of
sampling site (Shen et al., 2009; Zhang et al., 2010). The
temperature dependence of NH3 disappeared from 00:00 to
12:00 on 9 February with prevailing winds from southeast
and southwest (60%) (Fig. 2a) and lower temperatures. This
different behaviour may be explained from prevalence of lo-
cal sources, such as trafﬁc emissions, in determining the at-
mospheric NH3 concentrations during this period.
While agriculture is the main source of atmospheric am-
monia in Beijing, the contribution of vehicles, equipped
with catalytic converters, especially since the introduction
of three-way-catalysts, to non-agricultural NH3 emissions
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Fig. 2. Wind plots showing the frequency distributions of wind di-
rections and speeds (grey scale) of the intensive winter measure-
ments for two days: on 9 February (a) and 10 February (b). The
radius axis represents the occurrence from 0% to 40% and from 0%
to 60%, respectively.
has recently been considered and might be the most im-
portant factor inﬂuencing ammonia concentrations at urban
locations and near roads (Sutton et al., 2000; Kean et al.,
2000; Heeb et al., 2008). Also Beijing city is conﬁgured
such that it is served by several ring roads with heavy traf-
ﬁc (Fig. 4). Figure 4 shows Beijing city, measurement site
and surrounding regions, where are the major NH3 emission
sources. Therefore, in order to examine the contribution of
trafﬁc to NH3 concentrations it may be useful to compare the
ammonia concentrations with those of primary non-reactive
pollutants mainly emitted by motor-vehicle exhausts (Per-
rino et al., 2002), such as nitrogen oxides (NOx) and carbon
monoxide (CO), throughout this winter period. The time se-
ries of NH3, NOx, CO, wind direction, wind speed, tempera-
ture and relative humidity are shown in Fig. 3. Both CO and
NOx are commonly used as trafﬁc emission indicators (He et
al., 2002; Meng et al., 2008; Chak and Yao, 2008). Hao et
al. (2005) estimated that the emissions in Beijing from vehi-
cles, power plants, and industries in 1999 accounted for 35%,
27% and 26% in the total local NOx emissions, respectively.
They found that 74% of the ground NOx was due to vehicu-
lar emissions while power plants and industrial sources only
contributed 2% and 13%, respectively. In addition, in Beijing
and Guangzhou, automobile pollution contribution in terms
of CO was estimated to be more than 80% with two peak
vehicle pollution levels occurring during each day, one from
about 08:00–10:00 and the other from 15:00–17:00 during
the rush hours (Hao et al., 2000).
NOx peaks were observed between 08:00 and 12:00 on 9
February (Fig. 3). Wind from the southeast and southwest
was dominant at the sampling site on 9 February, while wind
from the northwest dominated on 10 February. Wind speeds
on 9 and 10 February ranged from 0.02 to 8.85m/s and
from 0.06 to 4.10m/s, respectively. However, on 9 Febru-
ary the overall NOx level was signiﬁcantly higher (from
11.60 to 243.55ppb) than that on 10 February (from 5.85 to
73.40ppb). The locations of the major NOx sources, includ-
ing local roads (motor vehicles), expressways, and power
plants, which are six and principally coal-ﬁred in Beijing,
are located from the east to the southwest of the sampling
site (Lee et al., 2009). Thus, the weak wind speeds be-
tween00:00and12:00(0.02–1.53m/s)andsoutheasterlyand
southwesterly wind directions on 9 February, in combination
with the locations of the sources of NOx emissions, resulted
in higher NOx concentrations between 08:00 and 12:00 due
to emissions from Friday trafﬁc during this daytime. In-
stead, the high wind speeds (0.30–3.83m/s) and northwest-
erly wind direction on 10 February resulted in lower NOx
concentrations at the sampling site. In fact, NOx concen-
tration was about 31.55ppb at 08:00 on 10 February, which
is about eight times lower than that recorded at the same
time of day on 9 February (243.55ppb). These differences
in NOx concentrations between two days might reﬂect the
characteristic of Friday trafﬁc (on 9 February) and the wind
conditions, which were marked by low winds and prevailing
wind direction from the center of Beijing toward the sam-
pling site (60% from southeast and southwest). The scatter
plot of NH3 concentrations vs. NOx concentrations during
these two days (Fig. 5) showed a good and signiﬁcant (at
the 99.9% conﬁdence level, p <0.001) linear correlation of
the two data sets (R2 =0.65), supporting the hypothesis that
the trafﬁc is also an important source of NH3 in this season
within the city. However, for the NH3 and NOx data, the best
correlation (R2 =0.80, p <0.001) was obtained considering
concentrations measured on 9 February during the formation
of the highest peaks of ammonia and nitrogen oxides due
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Fig. 3. Diurnal trends of NH3, NOx, CO, temperature (T), relative humidity (RH), wind speed and direction during the intensive winter
measurements.
to rush-hour trafﬁc. However, the amount of scatter about
these regression lines indicates that other ammonia sources
not linked to NOx are also signiﬁcant. In a city centre loca-
tion, these will largely be human sources (Whitehead et al.,
2007). In contrast, the correlation between NH3 and NOx did
not occur considering concentrations measured only on 10
February during high wind speeds and northwesterly wind
direction from where no major sources of NOx are located.
These results, in combination with weak temperature dipen-
dence of NH3 during on 10 February, as said above, sug-
gest that NH3 concentrations were inﬂuenced mainly by non
trafﬁc-sources such as agricultural emissions.
In addition, the same ﬁndings were also observed compar-
ing the ammonia concentrations with those of CO (Fig. 3).
CO peaks were observed between 08:00 and 10:00 on 9
February. However, on 9 February the overall CO level was
signiﬁcantly higher (from 0.16 to 6.17ppm) than that on 10
February (from 0.05 to 1.62ppm) due to time period and
wind conditions, as said above for NOx. The scatter plot of
NH3 concentration vs. CO concentrations during these two
days (Fig. 6) showed a good and signiﬁcant (at the 99.9%
conﬁdence level, p <0.001) linear correlation of the two
data sets (R2 =0.67), supporting the hypothesis that the traf-
ﬁc is also an important source of NH3 in this season within
the city. However, for the NH3 and CO data, the best corre-
lation (R2 =0.84, p <0.001) was obtained considering con-
centrations measured on 9 February during the formation of
the highest peaks of ammonia and carbon monoxide due to
rush-hour trafﬁc. In contrast, the correlation between NH3
and CO did not occur considering concentrations measured
only on 10 February during high wind speeds and northwest-
erly wind direction. These results, in combination with weak
temperature dipendence of NH3 during on 10 February, fur-
ther show that NH3 concentrations were inﬂuenced mainly
by non trafﬁc-sources such as agricultural emissions.
Thus, the presence of local sources, such as trafﬁc emis-
sions, on 9 February and non-trafﬁc sources on 10 Febru-
ary probably explains why the temperature did not determine
NH3 concentrations in Beijing and why a diurnal cycle of
NH3 has not been observed because it showed high variabil-
ity due to variation in emissions during two days of winter
intensive measurements.
To help interpret further in general terms the source re-
gions affecting the sampled ammonia and, thus, to iden-
tify the origin and transport pathway of large-scale air
masses, 24-h backward trajectories arriving at the sampling
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Fig. 4. Beijing city and measurement site (bottom) and surrounding regions (top).
site (PKU) were calculated for two days of winter inten-
sive measurements (Fig. 7). The trajectories at 100 m ar-
rival height above ground level were computed every 2-h
(from 01:00 on 9 February to 23:00 on 10 February, local
time) by using the NOAA ARL HYSPLIT trajectory model
(http://ready.arl.noaa.gov./HYSPLIT.php). Figure 7 shows
dominant transport of air masses from northwest (83%)
of Beijing coinciding with the direction of Inner Mongo-
lia and agricultural areas such as Hebei province, which
completely surrounds Beijing and Tianjin municipalities.
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Fig. 5. Relationship between NH3 and NOx during the intensive winter and summer measurements.
Actually, intensive agriculture is concentrated in the North
China Plain which includes ﬁve provinces (Hebei, Henan,
Shangdong, Jiangsu and Anhui) and two municipalities (Bei-
jing and Tianjin). Of the total agricultural ammonia emis-
sions in the North China Plain, the Hebei, Henan and Shan-
dong provinces take the larger part (Zhang et al., 2010). Con-
tributions of NH3 emissions from livestock and fertilizer ac-
tivities were also found in Inner Mongolia (Klimont, 2001;
Ju et al., 2004). Beijing is downwind of Shanxi, which is one
of the largest coal mining and coal-ﬁred power generation
provinces in China, which can emit large amounts of NH3
(Meng et al., 2010). In addition, these air masses passing
the northwestern regions arrived faster (8.17–15.70m/s) and,
thus, they had less time to accumulate ammonia. Instead, as
said above, on 9 February local wind speeds, especially be-
tween 00:00 and 12:00, coming principally from southeast
and southwest of Beijing arrived slower and, thus, local air
masses had much time to accumulate pollutants. This sug-
gests that NH3 received the largest impacts from local emis-
sions in the city of Beijing, where morning peaks of NH3,
which correlated with morning trafﬁc emissions, were ob-
served.
In contrast, on 10 February local high wind speeds from
the northwest dominated in Beijing, where the correlation
between NH3 and both CO and NOx did not occur, in combi-
nation with temperature dipendence of NH3. This suggests a
possible and further contribution of regional and agricultural
sources, located to the northwest of Beijing, to the ammonia
concentrations observed in Beijing during on 10 February.
These results reveal that during the winter NH3 concentra-
tions are inﬂuenced by meteorological conditions (wind di-
rection, wind speed and, sometimes, temperature), local and
regional sources in the winter 2007 in Beijing. Further mod-
eling studies are needed to quantify the contribution of local
versus regional sources to the atmospheric ammonia varia-
tions.
3.2.2 Summer
During the intensive measurements the wind speed reached a
maximum value of 3m/s at 18:00 in the afternoon, the wind
blew mainly from south and northwest (Fig. 8). In addition,
the air temperature and relative humidity reached a value of
about 35 ◦C and 90%, respectively.
The mean level of ammonia within ± one standard devi-
ation for the entire data (N =47) was 31.84±16.57µg/m3.
As in winter, the diurnal variation of ammonia is not statis-
tically signiﬁcant (p=0.53) in the summer (Fig. 8). Usu-
ally, broad peaks of NH3 concentrations were observed in
the morning (between 06:00, and 10:00), as higher ammo-
nia emissions occurred in summer, with one exception of 19
August at 20:00 in the evening. As suggested by other stud-
ies, the transport of NH3 from downwind sources was the
cause of higher daytime concentrations, while dry deposition
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Fig. 6. Relationship between NH3 and CO during the intensive winter and summer measurements.
Fig. 7. Geographical map showing the 24-h backward trajecto-
ries arriving at Beijing during the intensive winter measurements,
reconstructed using the NOAA ARL HYSPLIT trajectory model
(http://ready.arl.noaa.gov./HYSPLIT.php).
and conversion to aerosol may exceed the contribution from
transport at night, resulting in higher concentrations during
the day.
However, the highest ammonia concentrations were prin-
cipally observed when the wind was from the northwest
during low wind conditions (Fig. 8), reﬂecting the large
contribution due to agricultural activity and fertilizer use.
A moderate but signiﬁcant linear correlation (R2 =0.29,
p <0.001) was detected between natural-log transformed
ammonia concentrations and wind speeds (Robarge et al.,
2002).
In addition, the diurnal pattern of ammonia did not show
a clear and well-deﬁned temperature dependence during the
summer ﬁeld campaign, as it was in the winter. The tem-
perature dependence of NH3 can be examined further by
ﬁltering all the data by hours of day and, for only particu-
lar hours during all days of intensive summer measurements
(from 06:00 to 12:00 on 17 August, from 00:00 to 10:00 on
18 August, from 02:00 to 10:00 on 19 August, from 02:00
to 12:00 on 20 August, from 02:00 to 06:00 on 21 August),
there is a weak but signiﬁcant correlation between tempera-
ture and NH3 concentration (at the 99.9% conﬁdence level,
R2 =0.22, p=0.03) with prevailing winds from northwest.
As said for winter period, this weak temperature dependence
of NH3 reﬂects the inﬂuence of the emission sources from
agricultural activity coming from northwest suburb of Bei-
jing (Shen et al., 2009; Zhang et al., 2010). The temperature
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Fig. 8. Diurnal trends of NH3, NOx, CO, PM2.5, temperature (T), relative humidity (RH), wind speed and direction during the intensive
summer measurements.
dependence of NH3 disappeared for the other hours of every
day with prevailing winds from south and southwest. This
different behaviour may be explained from prevalence of lo-
cal sources, such as trafﬁc emissions, in determining the at-
mospheric NH3 concentrations during this summer period.
The data in Fig. 8 show that NH3, CO and NOx had similar
temporal patterns, but the correlations between these species
were not good. A weak but signiﬁcant linear correlation oc-
curred between NH3 and CO (R2 =0.18, p <0.001) (Fig. 6)
for all sampling period (17–21 August 2007). For the NH3
and NOx data, this correlation did not occur (Fig. 5). How-
ever, for the CO data, the best relationships with correlation
coefﬁcients of 0.73 (p <0.001), 0.69 (p=0.03) and 0.33
(p=0.03) were obtained considering concentrations mea-
sured only on 18, 19 and 20–21 August 2007, respectively,
during the formation of the higher peaks of NH3 and CO sup-
porting the hypothesis that the trafﬁc is also a important mo-
bile source of NH3. In addition, for the NOx data, the best re-
lationships with correlation coefﬁcients of 0.39 (p <0.001),
0.32 (p=0.03) and 0.70 (p=0.001) were also obtained con-
sidering concentrations measured for the same days, respec-
tively, in correspondence with the highest concentrations of
NH3 and NOx. NOx and CO peaks were observed between
06:00 and 10:00 during all days, in combination with north-
westerly wind direction and low wind speeds (0.3–1.2m/s).
Winds from the south were dominant at the sampling site for
the other hours of day, in combination with the locations of
the sources of NOx and CO emissions. However, the amount
of scatter about these regression lines indicates that other am-
monia sources not linked to NOx and CO are also signiﬁcant.
In addition, the correlations between NH3 and both NOx and
COwereweakerthanthatinthewinter, suggestingthatother,
non-trafﬁc sources, became signiﬁcant. The higher temper-
atures in the summer will increase ammonia emission from
agricultural sources, resulting in the breakdown in the rela-
tionship between these gases.
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Fig. 9. Relationship between NH3 and PM2.5 during the intensive summer measurements.
The same ﬁndings were also observed comparing the am-
monia concentrations with those of PM2.5 which accounts
for 90% of total PM emissions from on-road vehicles in Bei-
jing (Zheng et al., 2005). PM2.5 peaks were observed be-
tween 08:00 and 10:00 during all days (Fig. 8). A weak
but signiﬁcant linear correlation occurred between NH3 and
PM2.5 (R2 =0.17, p=0.004) (Fig. 9) for all sampling pe-
riod. However, for the PM2.5 data, the best relationships with
correlation coefﬁcients of 0.80 (p <0.001), 0.60 (p=0.009)
and0.30(p=0.03)wereobtainedconsideringconcentrations
measured only on 18, 19 and 20–21 August 2007, respec-
tively, during the formation of the higher peaks of NH3 and
PM2.5 supporting the hypothesis that the trafﬁc is also a im-
portant mobile source of NH3.
The highest ammonia values during the day can be also
attributed to stable atmosphere conditions. The analysis of
the temporal pattern of natural radioactivity (Fig. 8) shows
that the convective mixing of the atmosphere occurs between
the late morning (12:00–13:00a.m.) of the previous day and
the early morning of the subsequent day (03:00–04:00 a.m.).
Subsequently, a rapid increase of natural radioactivity deter-
mines atmospheric stability with high values at 06:00 and at
08:00 in the morning. In these conditions, pollution events
are generally favoured. This implies that most of the traf-
ﬁc emission is injected into a stagnant atmosphere causing
the sharp increase in the concentration of ammonia, which
reached the remarkable value of 105.67µg/m3 (18 August
2007), one of the highest values during the intensive mea-
surements. During the same hours CO and NOx concen-
trations reached the levels of 2.15mg/m3 and 112.6µg/m3
(Fig. 6), respectively, and this is an indication of a common
origin of these pollutants, i.e., trafﬁc emission (Perrino et al.,
2002; Edgerton et al., 2007).
In some studies, increased NH3 concentrations have also
been attributed to the dissociation of particulate ammonium
nitrate (Langford et al., 1992; H. S. Lee et al., 1999; Pos-
sanzini et al., 1999). Volatilization of NH3 from the aerosol
phase may be signiﬁcant enough to dominate over trafﬁc
emissions during the summer (Whitehead et al., 2007) and
mask any correlations with trafﬁc related pollutants. It is
known that volatile ammonium salts collected on the Teﬂon
ﬁlter (NH4Cl and NH4NO3) dissociate to HCl and HNO3,
a phenomenon which depends mainly upon meteorological
conditions (air temperature and relative humidity), on the
aerosol composition, and on the acidity of the particles. In
this work the gases evolved from the front Teﬂon ﬁlters
were recovered on the back-up Nylon and phosphorous acid-
impregnated ﬁlters. Data from 2-h sampling over the 17–21
August period showed that Teﬂon ﬁlters exhibited a nearly
complete depletion of nitrate and chloride (>90%) which
were recovered on Nylon ﬁlters. This indicated that nitrate
and chloride were almost entirely associated to ammonium.
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Indeed, a comparison of µmol amount of NH+
4 with µmol
amounts of anions (NO−
3 +Cl−) determined on the back-up
ﬁlters showed a good and signiﬁcant correlation (R2 =0.80,
p <0.001). However, the diurnal variation in NH3 concen-
trations had a similar trend as for NH+
4 , with one exception
of 17 August. During this day, the formation of aerosol
NH+
4 leads to the decrease of NH3 concentrations and vice
versa. This behaviour could be explained with the displace-
ment of the thermodynamic equilibrium between ammonium
salts and their gaseous precursors. While for the other days
(18–21 August), the fact that the NH3 and NH+
4 exhibited
similar patterns is due to dissolution of a signiﬁcant fraction
of NH3 in humid aerosols under high relative humidity con-
ditions (Hesterberg et al., 1996; Krupa, 2003; Trebs et al.,
2004, 2005; Hu et al., 2008). In fact, the concentrations of
ammonia and ammonium reach the maximum values at the
same time (between 06:00 and 10:00). Possible evaporation
of NH3 fromwet surfacesdue totemperatureincrease justaf-
ter sunrise, when relative humidity was still high might have
caused a signiﬁcant fraction of gaseous NH3 to dissolve in
still deliquescent aerosols, therefore enhancing aerosol NH+
4 .
A more detailed study of the behaviour of ammonia and
ammonium salts in the atmosphere may be carried out con-
sidering the mass balance on back-up ﬁlters. In fact, in
principle we should ﬁnd equimolecular amounts of anions
(Cl− +NO−
3 ) and of evaporated ammonia (NH3ev) deter-
mined on the back-up ﬁlters. On the contrary, the results
reported in Fig. 10 show that during the intensive measure-
ments in the summer period, ammonia frequently exceeded
the sum of chloride and nitrate. This unbalance can be re-
garded as an additional phenomenon which adds ammonia
to the dissociation of ammonium nitrate and chloride; a pos-
sible explanation is the presence of other anions (e.g. organic
matter) or of gaseous ammonia adsorbed or dissolved in del-
iquescent aerosol (NH3ads), as said before, which is desorbed
from the collected ﬁne particulate matter during the sam-
pling and is then recovered on the back-up acid-coated ﬁl-
ters, as already seen in previous studies (Perrino and Gher-
ardi, 1999). This unbalanced amount of ammonia, ranged
from 0.06µmol/m3 (1.15µg/m3) to 0.72µmol/m3 (13µg/m3)
with an average value of about 0.26µmol/m3 (4.75µg/m3)
during the summer sampling period. The value of 0 indi-
cated that ammonia is in balance on back-up ﬁlters (Fig. 10).
The unbalanced ammonia, clearly adsorbed on particles, can
be a further source of atmospheric ammonia during speciﬁc
meteorological conditions such as dry and warm and windy
environments.
As in winter, to help interpret further in general terms the
source regions affecting the sampled ammonia and, thus, to
identify the origin and transport pathway of large-scale air
masses, 24-h backward trajectories arriving at the sampling
site were also calculated for ﬁve days of summer intensive
measurements (Fig. 11). The trajectories were computed
every 2h (from 07:00 on 17 August 2007 to 05:00 on 21
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Fig. 10. Comparison between the amounts of evaporated ammo-
nia (NH3ev) and of its anions (Cl− +NO−
3 ) on the back-up ﬁlters
and trend of unbalanced ammonia (NH3adsonparticulate) during the
intensive summer measurements at PKU site.
August, local time). The Fig. 11 shows dominant and re-
gional transport of air masses from south (53%) and south-
east(15%)ofBeijing, whicharethemostfrequentinsummer
time, coinciding with the direction of Hebei province and
Tianjin municipalities, which are not only agricultural areas
but also quite polluted by industrial, vehicular, coal mining
and power generation, and biomass burning emissions (Xia
et al., 2007; Street et al., 2007; Chen et al., 2009; Meng et
al., 2009; Zhang, 2010). In addition, these air masses pass-
ing the southern regions were relatively slow (1.63–3.85m/s)
and, thus, they had much time to accumulate ammonia in the
Beijing area, contributing greatly to the air pollution. The
urban area itself is a major source for trafﬁc emissions. This
suggests that the atmosphere of Beijing received transported
polluted air on locally produced NH3.
Thus, the presence of local and regional sources during
summer intensive measurements probably explains why the
temperature did not determine NH3 concentrations and a di-
urnal cycle of this gas in Beijing was not observed due to
variation in emissions.
These results reveal that during the summer NH3 concen-
trations are inﬂuenced by meteorological conditions (wind
direction, wind speed and, sometimes, temperature), atmo-
spheric mixing, local and regional sources in the summer
2007 in Beijing. Further modeling studies are needed to
quantify the contribution of local versus regional sources to
the atmospheric ammonia variations.
3.3 Emission estimates
The Table 2 shows the mean emission factors of NH3 for
transport vehicles and agricultural activities believed to con-
tribute mainly to the concentrations of NH3 in Beijing. This
investigation of emission inventory within Beijing was con-
ducted with the base year being taken 2005, by using at-
mospheric NH3 emission information by current literatures.
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Fig. 11. Geographical map showing the 24-h backward trajecto-
ries arriving at Beijing during the intensive summer measurements,
reconstructed using the NOAA ARL HYSPLIT trajectory model
(http://ready.arl.noaa.gov./HYSPLIT.php).
There are not many published data available for the NH3
emissions in China and, thus, only limited data have been
found and used.
Vehicle emission inventory for regional or national scale
are usually developed using a macro-scale approach in
China. H. Wang et al. (2009, 2010) provided a bottom-up
approach by combining vehicle emission factors and vehicle
activity data from a travel demand model estimated at the
grid level to generate vehicle emissions data for the Beijing
urbanarea in2005. Average vehicleactivity data, such asVe-
hicle Kilometers Traveled (VKT), are estimated by investiga-
tion and/or a statistical method for each ﬂeet. The emissions
inventory is estimated as the product of emission factors and
vehicle activity:
QP =
Xm
i=1
Xn
j=1EFP
i,jVKTi,j
where, QP is the total emissions for pollutant P, g; EFP
i,j is
the emission factor of pollutant P for vehicle type i in grid
cell j, g/km; VKTi,j is the vehicle kilometers traveled for
vehicle type i in grid cell j, km.
For these applications, emission factors are assumed to
represent long-term vehicle population averages for a given
vehicle class, and are often based on default or average in-
puts. In this study, the vehicles driving in the urban area of
Beijing were summarized into 6 classes: passenger car (PC),
shuttle bus (SB), taxi, heavy duty truck (HDT), light duty
truck (LDT) and bus. Because the light duty vehicles (PCs
Table 2. NH3 emission estimates (KtNH3-Nyr−1) in Beijing and
surrounding areas in 2005.
Provinces Transport Agriculture
Beijing 1.8 3.6
Hebei 2.6 706.8
Taijing 1.4 87.6
Inner Mongolia 246
and taxies) are the main sources of trafﬁc emissions in the
city comprising over 90% of the total VKT in the urban area
of Beijing, we considered only these vehicles for the NH3
emission inventory.
Heebetal.(2006, 2008)reportedmeanNOandNH3 emis-
sion factors (mgkm−1) and average vehicle speed (kmh−1).
In an urban area they calculated NH3 emission factor of
48.8mgkm−1 at 19kmh−1. Taking into account that since
2008 the total number of vehicles registered in Beijing city
had increased to about 3.3 million and is still increasing by
more than 10% per year (B. Wang et al., 2010), we calculated
the total NH3 emission from trafﬁc sources in Beijing and in
surrounding areas (Street et al., 2003; Wang et al., 2005).
Furthermore, Zhangetal.(2010)developedanagricultural
NH3 emission inventory in the North China Plain (NCP),
calculating contributions of NH3 emissions from different
sources including Beijing and Tianjing municipalities. How-
ever, the largest sector contributor to NH3 emissions in the
NCP is agriculture (99%). Mineral fertilizer use contributed
54% to the total NH3 emission in the NCP, while live-
stock sources contributed the remaining 46%. Thus, we also
considered these contributions to agricultural NH3 emission
from Beijing and surrounding areas such as Taijing munici-
palities, Hebei province and Inner Mongolia.
These results show that NH3 emissions from agriculture
are high as 3.6KtNH3-Nyr−1 in Beijing in 2005 corre-
sponding to two times that from trafﬁc sources (1.8KtNH3-
Nyr−1). Thus, even if NH3 emissions from road trafﬁc
mainly affect the air quality in urban environments as Bei-
jing, however, the agricultural emissions can be also of ma-
jor importance affecting substantially the observed NH3 con-
centrations in Beijing, in combination with meteorological
conditions and regional sources. In fact, the contribution
of surrounding areas to NH3 emissions could be higher than
1000KtNH3-Nyr−1.
However, it is indeed very difﬁcult to isolate the effects
of local emission, regional sources and changes in meteorol-
ogy. Our measurement data clearly illustrate the impact and
importance of meteorology and regional sources on the ob-
served NH3 concentrations in Beijing.
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4 Conclusions
The atmospheric concentrations of NH3 have been measured
at an urban site (Peking University) in Beijing in the win-
ter and summer of 2007. All data were analyzed to investi-
gate temporal variations, meteorological effects and special
features of the gas-particulate equilibrium. According to the
results, the following conclusions were reached:
– The NH3 concentrations showed regular temporal vari-
ations, having signiﬁcantly higher summertime concen-
trations. The temporal trends seemed to be largely dom-
inated by air temperature.
– The NH3 concentrations did not show any diurnal vari-
ation in both winter and summer seasons.
– The effects of wind direction and of the atmospheric
mixing on the NH3 concentrations were the two most
signiﬁcant meteorological parameters. The NH3 con-
centrations were slightly affected by wind speed and
temperature.
– Moderate correlations were obtained between NH3 and
pollutants mainly emitted by motor-vehicle exhausts,
such as NOx, CO and PM2.5, indicating an inﬂuence by
trafﬁc emissions at Beijing.
– Emissions from regional sources contributed also to the
atmospheric ammonia variations in winter and summer
seasons at Beijing.
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